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| I N TR ODU C TI ON
Photoreceptor cells are highly specialized neurons of retina that mediate phototransduction. Within the outer segments of rod and cone photoreceptor cells, opsins densely concentrated in the disc and plasma membrane, bind the 11-cis-retinal chromophore. Lesser amounts of rhodopsin are also present in the plasma membrane of rod inner segments (Hicks, Sparrow, & Barnstable, 1989) . After absorbing a photon of light, the 11-cis-retinal chromophore of rhodopsin and cone pigment undergoes isomerization to all-trans-retinaldehyde. The latter retinaldehyde when released from photoactivated rhodopsin reacts with phosphatidylethanolamine (PE) in the disc membrane to form the reversible Schiff base adduct, N-retinylidene-PE (NRPE) (Ahn, Wong, & Molday, 2000; Anderson & Maude, 1970; Beharry, Zhong, & Molday, 2004; Molday, Rabin, & Molday, 2000; Quazi & Molday, 2014; Sun, Molday, & Nathans, 1999; Sun & Nathans, 1997 ).
The ATP-binding cassette (ABC) transporter ABCA4 (Illing, Molday, & Molday, 1997; Papermaster, Schneider, Zorn, & Kraehenbuhl, 1978; Sun et al., 1999; Sun & Nathans, 1997) that is expressed by photoreceptor cells, aids in delivery of retinaldehyde in the form of NRPE to the cytoplasmic retinol dehydrogenase (Rdh) that reduces all-trans-retinal to the less reactive alcohol (all-trans-retinol). Nevertheless, some retinaldehyde avoids reduction, thus allowing two retinaldehydes to condense with PE nonenzymatically so as to irreversibly form bisretinoid fluorophores in the outer segment compartments of the photoreceptor cells. If these light-absorbing fluorophores were to collect in outer segments, they could, in the very least, interfere with photon absorbance by cone and rod visual pigments. Thus to keep them to a minimum in healthy photoreceptor cells, bisretinoids are transferred to retinal pigment epithelial (RPE) cells within the outer segment debris that is shed by photoreceptor cells and phagocytosed by RPE on a daily basis. Consequently these bisretinoid fluorophores accumulate in RPE cells as lipofuscin.
Deficiency of ABCA4 activity as occurs in recessive Stargardt disease (STGD1) (Allikmets et al., 1997) greatly accelerates the formation of these bisretinoid molecules and while the gene mutation is expressed by photoreceptor cells, the impact of the mutation is expressed first in RPE cells where toxic bisretinoids accumulate. Pronounced bisretinoid accumulation is replicated not only in Abca4 null mutant mice (Kim et al., 2004; Weng et al., 1999) but also in mice deficient in retinol dehydrogenase-8 and 212 (Rdh8; Rdh12) (Chrispell et al., 2009; Maeda, Golczak, Maeda, & Palczewski, 2009; Maeda, Maeda, Golczak, & Palczewski, 2008) . It is likely that both all-trans-retinal and 11-cis-retinal can contribute to bisretinoid formation (Boyer et al., 2012; Ueda, Zhao, Kim, & Sparrow, 2016) . Various bisretinoids of RPE lipofuscin, including A2-GPE (A2-glycero-phosphoethanolamine), A2-DHP-PE (A2-dihydropyridine-PE), all-trans-retinal dimer-PE (alltrans-retinal dimer PE), and A2E (adduct of A2 and ethanolamine) (Parish, Hashimoto, Nakanishi, Dillon, & Sparrow, 1998; Sparrow et al., 2012; Wu, Fishkin, Pande, Pande, & Sparrow, 2009; Yamamoto, Yoon, Ueda, Hashimoto, & Sparrow, 2011) have been isolated and structurally characterized.
Bisretinoids are also the primary source of the natural autofluorescence of the retina that can be elicited noninvasively with excitation by blue light (488 nm) (short-wavelength fundus autofluorescence, SW-AF) and captured in fundus images by confocal scanning laser ophthalmoscopy. Alterations in the patterns of SW-AF can occur due to autofluorescence intensity loss, spatial heterogeneities, and focal or widespread increases in fluorescence. These patterns can be integral stretching so as to enable comparisons amongst images (Duncker et al., 2014a . In ABCA4-associated disease, the increase in bisretinoid lipofuscin in RPE was evidenced by elevated qAF in 36 of 42 patients having genetically confirmed STGD1; the remaining 6 patients were homozygous or heterozygous for the G1961E mutation in Burke et al. 2014) . The adverse effects of augmented bisretinoid deposition leads to RPE cell atrophy as demonstrated in the fundus by decreased SW-AF and near-infrared autofluorescence (NIR-AF) (Cideciyan et al., 2004; Duncker et al., 2014b; Kellner et al., 2009 ).
In ABCA4-associated disease, one of the most noticeable changes in the SW-AF signal is imposed by autofluorescent foci (fundus flecks).
Since flecks are dynamic features of the fundus, we have analyzed flecks in SW-AF, near-infrared autofluorescence (NIR-AF), and infrared reflectance (IR-R) images and by qAF. We have related these multimodal findings to structural information acquired by spectral domain optical coherence tomography (SD-OCT).
| M A TER I A LS A N D M ETH OD S

| Patients
Images from 12 patients (6 female, 6 male; age range 9-61 years) who had been recruited between June 2012 and November 2016 were studied retrospectively after obtaining a clinical diagnosis of STGD1
and subsequent genetic screening. Disease-causing variants were detected by direct sequencing of the ABCA4 locus as previously described (Zernant et al., 2011 . 
| SW-AF: Image acquisition and qAF analysis
SW-AF images were acquired using a Spectralis HRA 1 OCT (Heidelberg Engineering, Heidelberg, Germany) (488 nm excitation, 500 nm barrier filter) and a previously described protocol that was followed to acquire high-quality SW-AF images that can be used for qAF (Burke et al., 2014) . Photopigments were bleached for 20-30 s while focus and alignment were adjusted (Delori et al., 2011) . Images were obtained in video format (9-12 frames), videos were examined for image quality and the frames were aligned, averaged, and saved in nonnormalized mode (no histogram stretching). To generate qAF maps, GL were normalized to GL in the internal fluorescent reference while standardizing for zero GL, magnification (refraction), and ocular media absorption .
| Near-infrared autofluorescence
NIR-AF images (308 3 308 field, 787 nm excitation, >830 nm emission)
were acquired with the HRA2-SLO (Heidelberg Engineering) using the indocyanine-green angiography mode (787 nm excitation) and a sensitivity of 96. To obtain high-quality images, the eye-tracking function was utilized, and 100 single frames were averaged and saved in normalized mode.
| Spectral domain optical coherence tomography
Horizontal 9 mm scans through the macula were acquired in highresolution mode (minimum of 9, maximum of 100 single scans were averaged) with the Spectralis HRA 1 OCT. The scans were automatically registered to a simultaneously acquired IR-R fundus image. The nomenclature used for identification of reflectivity bands in SD-OCT was previously published (Staurenghi, Sadda, Chakravarthy, & Spaide, 2014) .
| Fleck analysis
For analysis, all images were registered and aligned using i2k Retina software (DualAlign LLC, Clifton Park, NY, USA). For illustrative purposes, some nonaligned images were used in figures. To delineate an area for fleck analysis, a square was drawn in superior hemiretina such that all sides were equal to the optic disc-fovea distance in the corresponding image. In SW-AF images, five hyperautofluorescent flecks were chosen (total of 95 flecks; 19 eyes, 10 patients) and then scored according to appearance in NIR-AF images.
| R E SU LTS
| Fundus flecks in SW-AF, NIR-AF, and IR-R images
In ABCA4-related disease, bisretinoids undergo accelerated formation due to reduced or absent activity of ABCA4 (Burke et al., 2014) . In addition to this generalized increase in SW-AF, intensely fluorescent foci (flecks) are readily recognizable in the fundus in many cases of ABCA4-associated disease. We undertook a study of flecks using SW- 
| Flecks in SD-OCT scans
Flecks in SW-AF, NIR, and IR-R (Figure 3a and 3b) also colocalized with hyperreflective lesions in SD-OCT images; these lesions traversed photoreceptor-attributable OCT bands (12/12 patients) (Figure 3d , 3f, 3h, and 3j). In the case of some flecks, the hyperreflectivity appeared as a thickening of the interdigitation zone while other flecks extended through the ellipsoid zone (EZ) and external limiting membrane (ELM) and up into the outer nuclear layer (ONL). As fleck height increased anteriorly, ONL thinning was evident (12/12 patients) (Figure 3d , 3h, blue and red arrows). Fleck profiles in SD-OCT scans were often associated with decreased transmission into the choroid although other flecks that in SW-AF images exhibited fluorescence extinction were accompanied in SD-OCT images by increased transmission into the choroid (4/12 patients) (Figure 3a , 3b, 3h, purple arrow).
| Quantitative autofluorescence and color coded images
The autofluorescence of flecks was also examined in color-coded qAF images in which colors were assigned to each pixel based on qAF Importantly, the hyperreflectivity of flecks in SD-OCT scans also colocalized with hypoautofluorescent foci in NIR-AF images. Since the NIR-AF signal is derived from melanin, the loss of this autofluorescence is indicative of RPE atrophy. Taken together these observations support our previously reported evidence that the anomalous autofluorescence of flecks in SW-AF images originates in photoreceptor cells degenerating secondary to RPE atrophy. The latter interpretation is supported by the instances in which flecks become hyperautofluorescent in SW-AF images after darkening in NIR-AF images and by the observation that hypoautofluorescent flecks in NIR-AF images were larger than bright flecks in SW-AF images. Since RPE melanin is a major reflector of light, it is also significant that IR-R is reduced in association with reduced NIR-AF signal at positions of flecks. The conclusion that the aberrant SW-AF of flecks is generated from outer segments of degenerating photoreceptor cells is buttressed by abundant evidence showing that the bisretinoid lipofuscin that is the source of SW-AF is known to be produced in photoreceptor cell outer segments before phagocytosis by RPE . We previously proposed that SW-AF fundus autofluorescence does not just signal the status of RPE but, under some circumstances, can be indicative of the health of photoreceptor cells .
For instance, we have noted abrupt elevations in SW-AF that colocalized with photoreceptor cell degeneration in acute macular neuroretinopathy (Gelman, Chen, Blonska, Barile, & Sparrow, 2012; Sparrow et al., 2015) and elevated qAF that corresponded to EZ loss and ONL thinning at the lesion border in acute zonal occult outer retinopathy (Boudreault et al., 2017) . Within autofluorescence rings that are often a feature of the fundus in RP (Aizawa, Mitamura, Hagiwara, Sugawara, & Yamamoto, 2010; Duncker et al., 2013; Popovic, Jarc-Vidmar, & Hawlina, 2005; Robson et al., 2003; von Ruckmann, Fitzke, & Bird, 1999) , we also found that qAF intensity was higher than at equivalent fundus positions in healthy eyes . Abnormally increased SW-AF is also associated with outer segments that form the core of photoreceptor cell rosettes in degenerating retina (Flynn, Ueda, Auran, Sullivan, & Sparrow, 2014) .
As compared to histological analysis, multimodal in vivo imaging allows identified flecks to be linked to changes in the fluorescence of bisretinoid lipofuscin (SW-AF) and melanin (NIR-AF) and to be correlated spatially with structural information available in SD-OCT images.
The aberrant SW-AF associated with flecks cannot be accounted for by accelerated phagocytosis of photoreceptor outer segments (Aizawa et al., 2010; Lima et al., 2012; Robson et al., 2006) , since bisretinoid fluorophore formation occurs in photoreceptor cells prior to outer segment shedding and subsequent phagocytosis. RPE autofluorescence unmasking consequent to outer segment degeneration and photopigment loss cannot account for the hyperautofluorescence of flecks in SW-AF images since in the current work, image acquisition was preceded by bleaching of photoreceptor visual pigment. A window defect associated with retinal thinning is unlikely to explain the foci of elevated SW-AF since one would expect the NIR-AF of flecks to also be consistently higher under these circumstances, yet the NIR-AF was more often reduced when SW-AF was increased. The reduced or absent NIR-AF (787 nm excitation) at positions of flecks is also unlikely to be due to reduced light transmission since tissue absorption at wavelengths between 600 and 1300 nm is minimal (Tsai, Chen, & Wang, 2001) . With time, SW-AF bleaching (Hunter et al., 2012) and resolution of degenerating debris would likely explain the reduction in SW-AF intensity observed. An alternative interpretation of the findings is that during RPE atrophy, hyper-AF contents are extruded into the subretinal space and become the source of SW-AF intensity.
Since bisretinoid initiates phototoxicity , these findings indicate a role for excess bisretinoid formation in the natural history of fleck formation in STGD1. Aberrant bisretinoid production could also serve as a potential target for therapy. For instance, since flecks track photoreceptor cell degeneration, therapeutic interventions that limit bisretinoid production (Sparrow, 2016) may be gauged by evaluating fleck numbers and progression.
Reticular pseudodrusen also present as hyperreflective lesions in photoreceptor-attributable OCT bands (Paavo et al., 2017) . Indeed the appearance of RPD in OCT images is quite similar to flecks and in both cases the hyperreflective foci can extend through the EZ and ELM and into a thinning ONL. In other cases of elevated SW-AF, for instance the AF rings in RP, corresponding hyperreflectivity is not observed in OCT scans. Instead, in RP the reflectivity band attributable to ONL is thinned and disruptions in the EZ band are observed (Lima et al., 2009 ).
Perhaps foci of outer retina hyperreflectivity are a feature of photoreceptor cells degenerating secondary to RPE changes. University.
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